Abstract: Recently, two organometallic systems ([Ir(µ-acac-O)(acac-O,O)(acac-C 3 )]2 and (Tp)Ru(CO)(Ph)-(NCCH3)) have been discovered that catalyze hydroarylation of unactivated olefins. Herein, we use density functional theory (B3LYP) to study the factors underlying this class of catalysts. In addition, we calculate the key steps for Rh, Pd, Os, and Pt with similar ligand sets. We previously showed there to be two key steps in the process: (i) insertion of a phenyl into the π bond of a coordinating olefin, and (ii) C-H activation/ hydrogen transfer of an unactivated benzene. An important discovery in these studies is that the barriers for these two steps are inversely correlated, complicating optimization of the overall process. However, herein we elucidate the causes of this inverse correlation, laying the foundation for the rational design of improved catalysts. Both steps are directly influenced by the accessibility of the higher 2-electron oxidation state, M n f M n+2 . Systems with an easily accessible M n+2 state activate C-H bonds easily but suffer from high energy insertions due to significant back-bonding. Conversely, systems without an easily accessible M n+2 state have no debilitating back-bonding which makes insertion steps facile, but cannot effectively activate the C-H bond (leading instead to polymerization). The relationship between accessibility of the M n+2 state and the amount of back-bonding in the coordinating olefin can be visualized by inspecting the hybridization of the coordinating olefin. Furthermore, we find a linear relation between this hybridization and the barrier to insertion. On the basis of these concepts, we suggest some modifications of the σ framework expected to improve the rates beyond this linear correlation.
Introduction
Over the past decade, significant effort has been directed toward functionalization of unactivated C-H bonds by transition metal complexes. 1 More recently, a novel subset of C-H functionalization processes has been reported -hydroarylation of olefins (Figure 1 ), a process that couples an olefin to an unactivated aryl. However, none of the catalysts currently available are sufficiently active and/or selective to be commercially viable. In this report, we explore the general themes for this class of catalysts and what this mechanism suggests for strategies to design a better system. The first reported hydroarylation catalyst is the binuclear complex [Ir(µ-acac-O)(acac-O,O)(acac-C 3 )] 2 (Ir‚acac) reported by Matsumoto et al. 2 Heating a benzene solution of Ir‚acac and 1.7 MPa of ethene to 180°C for 3 h led to ethyl benzene with a reported turnover frequency (TOF) of 421 × 10 -4 s -1 , and an activation energy of 28.7 kcal/mol. 3, 4 Later variations of this system by Periana et al. 5 featured several mononuclear Ir compounds of the form Ir(acac-O,O) 2 -(R)(L), where R is either (acac-O,O,C 3 ) or Ph, and L is either H 2 O or pyridine (see Figure 2) . The systems where L ) H 2 O showed higher activity than the dinuclear and pyridine containing variants. This group has in a later study concluded that the Ir‚acac-based catalysts share a common mechanism, and attributed the higher activity of the H 2 O ligand to a ground-state effect. 6 Because these Ir-based systems share a common mechanism, they will be collectively referred to as Ir‚acac.
More recently, Gunnoe and co-workers reported a new catalyst for the same reaction, (Tp)Ru(CO)(Ph)(NCCH 3 ) (Ru‚ Tp‚CO) (Tp ) hydridotris (pyrazolyl) borate), which, with an † California Institute of Technology. ‡ University of Southern California.
(1) (a) Crabtree, R. H. J. Chem. Soc., Dalton Trans. 2001 , 2437 ethene pressure of only 0.17 MPa, at 90°C yields ethyl benzene with a TOF of 3.5 × 10 -3 s -1 . 7 Comparing this TOF to a TOF for Ir‚acac (extrapolated to 90°C from ref 3) suggests that Ru‚ Tp‚CO is ∼200 times faster than Ir‚acac. However, Ru‚Tp‚CO is not stable, over time forming an as-of-yet unidentified highspin species. Furthermore, theoretical studies by this group indicated that significant oligomerization should occur at higher ethylene pressures, 8 which was later confirmed experimentally. 9 Our theoretical studies of Ir‚acac 6 and Ru‚Tp‚CO 8 have shown that they react through a common mechanism, illustrated in Figure 3 . This mechanism, starting from a complex with a covalently bound phenyl and an η-2 coordinating olefin (A), features a 1,2-insertion of the phenyl into the ethene (TS1) to a chelating complex (B), rotation of the C-C bond to open up a vacant site (C), η-2 coordination of a benzene (D), migration of an aryl hydrogen (TS2), and regeneration of the active catalyst (E f F f A).
TS1 is the rate-determining step in both cases, with calculated activation energies of 27.0 and 24.9 kcal/mol, respectively, in addition to ground-state effects. TS1 is a classical insertion transition structure of the type observed for polymerizations, Heck insertions, etc., formally classified as 2 s + 2 s rearrangements. 10 Our previous studies 6, 8 have also shown that TS1 is responsible for the observed regioselectivity when substituted olefins are used. Both Ir‚acac and Ru‚Tp‚CO feature a transition state with a region of empty space where a bulky substituent prefers to be located, leading to primarily linear product. TS2, the C-H activation step for the two systems, has activation energies of 14.1 (Ir‚acac) and 15.9 (Ru‚Tp‚CO) kcal/ mol, with respect to A. However, with respect to the previous intermediate, D, the activation energies are 12.0 and 18.8 kcal/ mol, respectively. These barriers will henceforth be referred to as ∆H(TS1-A) and ∆H(TS2-D).
The mechanism for TS2 is in both cases oxidative hydrogen migration (OHM) -a concerted transfer of a hydrogen from the aryl carbon to the aliphatic carbon, with a transition structure reminiscent of but not identical to an oxidative addition (OA). The presence of a fully formed M-H bond is incompatible with a σ-bond metathesis mechanism, while the presence of partial C-H bonds and the absence of a stable M n+2 intermediate is incompatible with OA. In TS2 Ir‚acac M-H ) 1.58 Å, RCH 2 -H ) 1.69 Å, and C Ph -H ) 1.99 Å, while in TS2 Ru‚Tp‚CO M-H ) 1.61 Å, RCH 2 -H ) 1.65 Å, and C Ph -H ) 1.56 Å.
As was outlined previously, 6 the OHM mechanism is related to OA and occurs when the OA intermediate is disfavored by electronic or steric factors, as illustrated in Figure 4 . This is reflected in shorter C-H bond lengths in TS2 Ru‚Tp‚CO as compared to TS2 Ir‚acac : TS2 Ru‚Tp‚CO has higher energy and is consequently further away from a true intermediate than is TS2 Ir‚ acac. 11 A more detailed study of the OHM mechanism and its relation to OA is currently under preparation for submission.
Our previous work on these systems elucidated the mechanism for the two catalyst classes separately, but we now consider the larger issue: What are the fundamental themes of a functional hydroarylation catalyst? Considering the wealth of systems capable of catalyzing insertions of activated aryls (such as Heck reaction catalysts) and systems capable of catalyzing C-H activation (such as the Bergman iridium Cp system), why are these two catalyst classes the only two that can catalyze both?
In particular, this paper will address the following questions: (i) Why is Ru‚Tp‚CO more active than Ir‚acac?
(ii) Is the increase of ∆H(TS2-D) Ru‚Tp‚CO related to the decrease of ∆H(TS1-A) Ru‚Tp‚CO or merely a coincidence?
(iii) If there is such a relation, is it applicable to a larger class of catalysts or is it isolated to the Ru‚Tp‚CO/Ir‚acac pair?
(iv) Is the presence of oligomerization in the Ru‚Tp‚CO system related to the more efficient insertion?
(v) Can a system be designed where both ∆H(TS1-A) and ∆H(TS2-D) are simultaneously lowered, and what would the characteristics of a system like this be?
Computational Methodology
All calculations were performed using the hybrid DFT functional B3LYP as implemented by the Jaguar 5.0 program package. 12 This DFT functional utilizes the Becke three-parameter functional 13 (B3) combined with the correlation functional of Lee, Yang, and Par 14 (LYP) and is known to produce good descriptions of reaction profiles for transition metal-containing compounds.
15,16 The metals were described by the Wadt and Hay 17 core-valence (relativistic) effective core potential (treating the valence electrons explicitly) using the LACVP basis set with the valence double-contraction of the basis functions, LACVP**. All electrons were used for all other elements using a modified variant of Pople's 18 6-31G** basis set, where the six d functions have been reduced to five.
Implicit solvent effects of the experimental benzene medium were calculated with the Poisson-Boltzmann (PBF) continuum approxima- (7) tion, 19 using the parameters ) 2.284 and rsolv ) 2.602 Å. Due to the increased cost of optimizing systems in the solvated phase (increase in computation time by a factor of ∼4), solvation effects are calculated here as single point solvation corrections to gas-phase geometries. Our previous work on the Ir‚acac system has shown that the total energies, geometries, frequencies, and zero-point energies were also largely unchanged when the systems were optimized in the solvation phase. All energies here are reported as ∆E + zero-point energy corrections at 0 K + solvation correction. Relative energies on the ∆H(0 K) surface are expected to be accurate to within 3 kcal/mol for stable intermediates, and within 5 kcal/mol for transition structures. Moreover, relative energies of iso-electronic species (such as regioisomers) are considerably more accurate, because the errors largely cancel.
Free energies are not included, due to the inadequacies of free energy calculations in solutions. A more thorough analysis of this can be found in ref 6. However, a free energy term is implicitly included in the PBF solvation methodology.
All geometries were optimized and evaluated for the correct number of imaginary frequencies through vibrational frequency calculations using the analytic Hessian. Zero imaginary frequencies correspond to a local minimum, while one imaginary frequency corresponds to a transition structure. Although the singlet states are expected to be the lowest energy spin states, we also investigated higher spin states for select geometries, and we invariably found the singlet as the lowest energy state.
To reduce computational time, the methyl groups on the acac ligands were replaced with hydrogens. Control calculations show that the relative energies of intermediates and transition structures change less than 0.1 kcal/mol when methyl groups are included.
Results and Discussion
Our previous work on the Ru‚Tp‚CO system 8 showed that it is more active than the Ir‚acac system despite being more electron rich (with a calculated metal Mulliken charge of +0.07e vs +0.45e for the Ir‚acac system). This is in stark contrast to the general view of late metal insertion catalysis, that is, that lower electron density leads to higher activity. 20 A well-known example is the Brookhart ethylene polymerization catalyst, which is active for polymerization only in its cationic state. 20 One might consider explaining this behavior in terms of steric interactions in the Ir‚acac transition state, which would raise the relative energy of TS1 Ir‚acac. However, both systems are essentially unhindered, rendering sterics insignificant.
To understand this seemingly contradictory behavior, we investigated whether it is the metal or the ligand set that is most influential in improving the activity of Ru‚Tp‚CO. Calculations were carried out in which the metal center of the Ir‚acac and Ru‚Tp‚CO systems was replaced with Ru and Ir, respectively. The systems were kept isoelectronic, with the Ir‚Tp‚CO system cationic (Ir‚Tp‚CO + ) and the Ru‚acac system anionic (Ru‚acac -). For comparison purposes, we considered only the actual insertion step, that is, A f B through TS1, ignoring all groundstate effects. The results, as illustrated in Table 1 , show clearly that it is the ligand system that is responsible for the higher activity. Replacing the ruthenium in Ru‚Tp‚CO with iridium + lowered the activation energy from 21.1 to 17.0 kcal/mol, while replacing the iridium in Ir‚acac with ruthenium -raised the activation energy from 24.5 to 28.3 kcal/mol.
We also observe that TS1 becomes a later transition state as the activation energy increases, in accordance to the Hammond postulate. The C1-C2 distance (the breaking π bond) is 1.44 Å for Ir‚Tp‚CO + , and 1.49 Å for Ru‚acac -. Furthermore, the C2-C3 distance (the forming C-C bond) decreases from 2.07 Å for Ir‚Tp‚CO + to 1.78 Å for Ru‚acac -. Even more dramatic than the change in the activation energy is the change in the ∆H of the reaction, following the Bell-Evans-Polanyi principle. Converting A to B for Ir‚Tp‚CO + is exothermic by 9.5 kcal/mol, while for Ru‚acac -it is endothermic by 9.1 kcal/ mol.
As mentioned above, Ru‚Tp‚CO leads to a lower ∆H(TS1-A) but a significantly higher ∆H(TS2-D). To test whether this is a pertinent observation or merely coincidental, we investigated ∆H(TS2-D) for Ir‚Tp‚CO + and Ru‚acac -as well. The results, summarized in Table 2 , show clearly the presence of an inverse trend. As the ∆H(TS1-A) increases from Ir‚Tp‚CO + to Ru‚acac -, ∆H(TS2-D) decreases. However, there is no correlation between ∆H(TS2-D) and the ∆H of the reaction D f E. This is reasonable, because the reaction is essentially thermoneutral, in contrast to the results for A f B. Having established that an inverse trend is present, we investigated the generality of this trend for elements other than iridium and ruthenium. As iridium seems to be more suited for this reaction than ruthenium (lower insertion energy with the same ligand set), we elected to study the elements Rh, Pd, Os, and Pt with the bis-acac ligand set. We also studied the elements Rh and Os with the Tp‚CO ligand set. We kept all of the complexes isoelectronic, so, for example, Os‚acac is an anion while Pt‚acac is a cation. Note that this leads to an oxidation state of IV for Pd‚acac + and Pt‚acac + .
The results of this study are summarized in Table 3 . However, to illustrate the results, we plotted ∆H(TS1-A) versus ∆H(TS2-D), as shown in Figure 5 . For all systems except the Os II compounds, C-H activation occurs through an OHM mechanism. For the two Os II compounds, we instead find very lowenergy Os IV intermediates, that is, the products of oxidation addition. In Figure 5 we included the energy of the intermediates and not the transition states leading to and from reactant/product, as we believe that the energy of the intermediates most accurately reflects the chemistry of these systems. Figure 5 shows an excellent correlation (R 2 of 0.9240) between ∆H(TS1-A) and ∆H(TS2-D), with a linear fit of ∆H(TS1-A) ) -1.05*∆H(TS2-D) + 38. Furthermore, exclusion of the lowest point on the ∆H(TS1-A) axis (Pd‚acac + ) improves the fit of the line (to R 2 ) 0.9416), indicating that the correlation breaks down as ∆H(TS1-A) approaches zero. This is expected, because extrapolation of the line to values of ∆H(TS2-D) higher than 35 kcal/mol would lead to negative values of ∆H(TS1-A).
This correlation implies that ∆H(TS1-A) and ∆H(TS2-D) are influenced by a common factor. Because the slope of the line is -1.08 rather than -1, this factor is more important for ∆H(TS2-D) than for ∆H(TS1-A). Examining the extreme points of the line, we observe that systems with a high ∆H(TS1-A) and a low ∆H(TS2-D) (Os II , Ru II ) have fairly easily accessible M n+2 states (Os IV , Ru IV ), while systems with a low ∆H(TS1-A) and a high ∆H(TS2-D) (Pd IV , Pt IV ) have fairly high-energy M n+2 states (Pd VI , Pt VI ).
Because D f TS2 is an oxidative process, we expect that a more easily accessible M n+2 state will favor either an oxidative addition intermediate or an OHM transition state. Indeed, for Figure 3 ) and Activation Energies for Insertion (TS1-A), C-H Activation (TS2-D), and Polymerization (TS3-G) (A Positive ∆H(TS2-TS3) Indicates that C-H Activation Is Preferred over Polymerization) Os‚acac -oxidative addition is almost thermoneutral, and it will likely be exothermic for more electron-donating ligands. However, this is largely irrelevant, because the systems with sufficiently accessible M n+2 states would all have prohibitively high energy insertion steps. This leaves the question of why a more easily accessible M n+2 state would increase the barrier for the insertion step, ∆H(TS1-A). The prerequisite for an easily accessible M n+2 state is a low-lying unoccupied d orbital. Moreover, a system with a lowlying unoccupied d orbital and a coordinating olefin would display a significant amount of back-bonding, which could increase the ∆H(TS1-A) through a ground-state effect. Orbital analysis of the transition from A f TS1 shows that all such back-bonding is lost in TS1, because there are no available unoccupied orbitals (see Figure 6 ). In this configuration, the olefin has slipped toward one side, forming an imperfect square and making the π* orbital of the olefin unavailable. Consequently, a system with an easily accessible M n+2 state would exhibit significant back-bonding and a high-energy TS1.
To prove this hypothesis, we investigated the back-bonding to the olefin in A. We initially considered a traditional measurement of back-bonding, the C-C distance. The plot in Figure 7 , ∆H(TS1-A) versus olefin bond length in A, shows that a trend is present (R 2 ) 0.8285) but does not conclusively prove the presence of a correlation. This is most likely due to the varying amounts of forward bonding, which would influence the C-C distance but not ∆H (TS1-D) . 21 Instead, we correlated the amount of back-bonding to the amount of hybridization in the A complexes. Increasing amounts of back-bonding will increase the hybridization of the olefin carbons. 22 In the limit of very strong bonding, these back-bonded olefins can be thought of as a metallacyclopropanes, with sp 3 hybridized carbons. Indeed, the transformation of an η-2 coordinating olefin to a metallacyclopropane could be considered an oxidative process, which is consistent with the connection between a more accessible M n+2 state and a lower barrier to C-H activation. However, the amount of forward bonding is irrelevant, as even a strongly forward bonding complex remains planar.
The hybridization is measured as the inversion angle (Θ), as illustrated in Figure 8 . In a purely forward bonding complex, the olefin carbons are sp 2 hybridized and thus completely planar, with Θ ) 0°. The olefin carbons in a complex with significant back-bonding are sp 3 hybridized and thus pyramidal, with an "ideal" Θ ) 54.7°.
Thus, to establish the connection between the amount of backbonding and the barrier for insertion, Figure 9 plots Θ versus the ∆H(TS1-A). This shows a clear correlation (R 2 ) 0.9696) in which systems with high-energy insertion barriers have relatively nonplanar olefins and consequently significant backbonding. While we expect this correlation to break down at low values of Θ (because the linear correlation would lead to ∆H(TS1-A) e 0 for values of Θ e 3.3°), it works remarkably well even for Pd‚acac + and Pt‚acac + .
Intriguingly, the accuracy of the linear fit (∆H(TS1-A) ) 3.31*Θ -11.0) in Figure YY8 (average error 1.7 kcal/mol, max error 2.3 kcal/mol) suggests that Θ could be used to estimate the insertion barrier from the geometric parameters in a structure from experiment or computation. This is currently under evaluation. We do expect metals with other electronic configurations than the d 6 evaluated here to exhibit similar relationships, although most likely with different coefficients. Indeed, Schmid and Ziegler suggest a relation between backbonding and insertion barrier for metal complexes with d 1 -d 4 configurations based on orbital analysis and olefin complexation energies. 23 However, Schmid and Ziegler do not demonstrate any linear relationships, most likely because olefin complexation energies depend on both forward and back-bonding. With these observations in hand, we conclude that the relative ∆H values of TS1-A and TS2-D are linearly correlated with the accessibility of the M n+2 state of the system. The greater activity of the Tp‚CO ligand set can thus be traced to a better balance between TS1 and TS2, most likely caused by the π-accepting qualities of the CO ligand. Removing electron density from the filled metal d-orbital stabilizes said orbital, and the M n+2 state becomes less accessible. A simple test of this explanation is replacement of the CO with a non-π-accepting ligand, such as NH 3 . Calculations on the complex Ru‚Tp‚NH 3 reveal that ∆H(TS1-A) ) 25.7 kcal/mol and ∆H(TS2-D) ) 10.2 kcal/mol, as compared to 21.1 and 18.0 kcal/mol, respectively, for Ru‚Tp‚CO, and the explanation thus appears valid.
Further complicating this mechanism is a conclusion from our previous work. 6 To continue on the catalytic pathway, the system must open up a vacant site for benzene to coordinate (intermediate C in Figure 3 ). However, in the presence of olefin, there is a competition between olefin and benzene for coordination to the vacant site, as illustrated in Figure 10 . Because the coordination is barrierless, we believe that the outcome of this competition is purely statistical; that is, at low concentrations of olefin mainly benzene will coordinate. For Ir‚acac, we found that when olefin does coordinate, TS2 becomes the ratedetermining step, ∼2 kcal/mol higher in energy than TS1. Furthermore, the coordinated olefin can undergo a second insertion, TS3, instead of C-H activation, although this pathway is kinetically inaccessible in the Ir‚acac system. These conclusions correspond very well to the experimental observations that increased olefin concentration decreases the reaction rate at olefin:benzene ratios above 1:4 and that no oligomerization occurs.
In our previous report on the Ru‚Tp‚CO system, 8 we suggested from preliminary calculations that significant oligomerization would occur with this system, albeit most likely undetectable at the low olefin pressures used (0.17 MPa, corresponding to an olefin mole fraction of ∼0.01, 24 and thus approximately 1% of converted product should be butyl-benzene based on our statistical model 6 ). We have since completed our theoretical studies on this system and find that a second insertion is favored over C-H activation by 6.7 kcal/mol for Ru‚Tp‚ CO. These predictions have also been experimentally verified: at 1.7 Mpa of ethane, ∼15% butyl-benzene is observed, 9 while the statistical model 6 predicts ∼12%.
Because A f TS1 f B and G f TS3 f H are both olefin insertions, we expect that any system with a low-energy TS1 would also have a low-energy TS3 and thus be prone to oligomerization/polymerization. This is confirmed by the results summarized in Table 3 , as ∆H(TS3-G) is uniformly ∼10 kcal/ mol higher than the ∆H(TS1-A).
Moreover, because we have established that ∆H(TS2-D) increases as ∆H(TS1-A) decreases, a system with a low-energy TS1 would not lead to TS2 as a new rate-determining step, but would instead yield a system in which TS3 is lower in energy than TS2, as illustrated above with Ru‚Tp‚CO. Because a commercial hydroarylation catalyst must be able to operate under high olefin pressures, we elected to investigate whether this deduction is valid and whether a limit can be defined beyond which the system will be a polymerization catalyst.
The relevant quantity is the difference in energy between TS2 and TS3. If ∆H(TS2-TS3) < 0, the system should favor oligomerization, while ∆H(TS2-TS3) > 0 should favor hydroarylation. Plotting ∆H(TS1-A) versus ∆H(TS2-TS3) in Figure 11 shows how the relative energy of TS1 influences ∆H(TS2-TS3) and confirms that improving ∆H(TS1-A) does lead to negative ∆H(TS2-TS3) and thus oligomerization. It also shows that the relation between ∆H(TS1-A) and ∆H(TS2-TS3) is linear, obviating the design of systems for which ∆H(TS1-A) is improved while oligomerization is avoided.
A final concern for these systems was the possibility of -hydride elimination from complex B, and the subsequent production of styrene. Experimentally, neither the Ir‚acac system nor the Ru‚Tp‚CO system generates any measurable amounts of -hydride elimination, and our analysis of the Ir‚acac system showed that while -hydride elimination is facile, loss of the produced styrene was significantly higher in energy than C-H activation (∆H ) 28.5 kcal/mol, ∆∆H ) 8.0 kcal/mol) and the formed product simply reverts to complex B.
Calculations on the Ru‚Tp‚CO system show the same pattern: -hydride elimination from complex B has an activation energy of merely 4.2 kcal/mol, but the dissociation of styrene has a barrier of 27.0 kcal/mol. However, the difference in the activation energies for the loss of styrene and C-H activation is merely 3.9 kcal/mol, once again a reflection of the above relationships. While the less accessible M n+2 state causes the C-H activation to be higher in energy, the loss of styrene is more facile due to less tightly coordinating olefins. These results do indicate that the systems with low insertion energy and high C-H activation energy, like Rh‚Tp‚CO + or Pt‚acac + , could potentially generate styrene. However, this would require the scavenging of the resulting hydride, and the energetics of this process is beyond the scope of the current study. Furthermore, these systems are already not suitable as hydroarylation catalysts due to the aforementioned propensity for oligomerization.
Conclusions
In light of these relationships, the obvious question must be asked: Are efficient insertion and C-H activation mutually exclusive? Based on the line in Figure 5 , the "theoretical maximum" is a system where ∆H(TS1-A) ) ∆H(TS2-D) ) 18.6 kcal/mol. However, this system would still face problems with polymerization, and because TS3 appears to be roughly 10 kcal/mol higher in energy than TS1, a more practical limit appears to be ∆H(TS1-A) ) ∆H(TS2-D) + 10 kcal/mol ) 23.7 kcal/mol, ∆H(TS2-D) ) 13.7 kcal/mol. Because this coincides almost exactly with the characteristics of Ir‚acac, this does not leave much room for improvement, and the question becomes: Will all systems necessarily stay on the line?
Certainly, modifications of the π framework are likely to be futile, as they will directly influence the accessibility of the M n+2 state. Likewise, trying to tailor the metal to a particular ligand set (i.e., Ru for the Tp‚CO, Ir for the acac) will likely yield the same result. However, one option remains to be explored: modification of the σ framework. Because the number of σ bonds in A f TS1 remains essentially unchanged while the number of σ bonds in D f TS2 increases by at least one full bond, it is plausible that changing the σ framework of the ligand set could influence TS1 and TS2 in varying amounts.
In our previous study of the Ir‚acac system, we predicted that substituting the acac's with several electron-withdrawing CF 3 groups would lead to ∆H(TS1-A) ) 21.6 kcal/mol, and we suggested that this system would be a more active catalyst. 6 Extending the investigation of Ir‚acac-4CF 3 to include ∆H(TS2-D), we find that ∆H(TS2-D) ) 14.0 kcal/mol, 2.2 kcal/mol higher than Ir‚acac. While this does follow the trend outlined above, the increase in ∆H(TS2-D) is not as large as the increase for Ru‚Tp‚CO. This shows that manipulating the σ framework can move the system below the line in Figure YY5 . Conceivably further changes in the σ framework might be even more effective and could lead to commercial catalyst.
Another possibility to obtain commercial catalysts would be to circumvent the relationship altogether. This could be done through any of the following:
(i) systems where C-H activation occurs via σ-bond metathesis or electrophilic addition;
(ii) di/multinuclear systems where insertion and C-H activation occurs at different nuclei; or (iii) systems where the ligand set can change character in a fluxional pattern, catalyzing insertions in one conformer and C-H activation in another. However, to prevent polymerization, such a system must be designed such that the mode where C-H activation is enabled is the ground state and the mode where insertion is enabled is the high-energy conformer.
Finally, it should be noted that this is by necessity a simplified analysis of the hydroarylation mechanism. The barriers calculated here are lower bound barriers, because all ground-state and Curtin-Hammet effects are ignored. However, because these effects could only raise the relevant barriers, they would only have to be considered if a previous screening of ∆H(TS1-A) and ∆H(TS2-D) generated promising barriers.
Summary
This study shows a linear correlation between the activation energy for the 1,2-insertion and C-H activation steps in mononuclear late-metal complexes. This linear relationship occurs because both steps are directly influenced by the accessibility of the second higher oxidation state, M n f M n+2 . (i) Systems with an easily accessible M n+2 state activate C-H bonds easily through an oxidative addition or OHM process, while suffering from high-energy insertion transition states due to significant back-bonding of the olefin complex ground state.
(ii) Systems without an easily accessible M n+2 state (such as systems based on Pt IV ) have no debilitating back-bonding and consequently lead to a facile insertion step. However, these systems are not effective at activating the C-H bond, leading instead to polymerization.
We also show a linear correlation between the hybridization of the bound olefin and the activation energy for insertion. As hybridization is dependent on the amount of back-bonding to the olefin, these relationships translate into correlations between the amount of back-bonding and activation energy/thermodynamics.
Systems with a low-energy insertion step and a high-energy C-H activation step will exclusively yield polymerization. Furthermore, a system where the ∆H of the insertion step is between 1 and 2 times larger than the ∆H of the C-H activation step will suffer from oligomerization at higher olefin concentrations, caused by competitive olefin coordination in the catalytic cycle.
Preliminary work suggests that modifications of the σ framework can move the linear correlation described above. Substituting the -CH 3 groups on the Ir‚acac system with -CF 3 groups reduces the energy of the insertion step to the same level as the Ru‚Tp‚CO system while increasing the energy of the C-H activation half as much as Ru‚Tp‚CO. Barring modifications of the σ framework, an efficient hydroarylation catalyst would most likely require a mechanistic paradigm shift.
